The geomorphological, sedimentological and pedological analysis of a group of 11 alluvial fans located in the northern flank of the Guadalquivir Valley has shown that their genesis and evolution were controlled by base-level fall caused by axial fluvial incision of the Guadalquivir River during the Quaternary.
INTRODUCTION
General works have dealt with the role played by baselevel changes in controlling the development of many alluvial fans [1] [2] [3] [4] .
Tectonically-induced uplifts/subsidence [5] or climatically-induced rises/falls at lake and sea level [6, 7] might cause base-level changes. Indirectly, tectonic and climatic change might produce fluvial incision in axial rivers and cause base-level falls of its tributary fans [8] .
Base-level falls typically produce distal incisions by trenches. Incisions might progress up to mountain fronts causing through-fan dissection of alluvial fans. Incised fans have deep and steep channels (that may cut bedrock), older surfaces that are only located in their proximal sector, and younger ones inset within fan trenches [6] .
Fans might become inactive by the coupling of the ancient fan channel with axial fluvial systems [9] or by the capture of interfan streams to fanhead channels [1] .
In other cases, if base-level falls are insufficient to generate incisions, fans develop by progradation [6, 10, 11] . These fans may be recognized by their elongated plan-view morphology [12] , shallow fanhead trenches, and older surfaces buried by younger deposits [6] .
During non-erosive and aggradational phases, pedological processes might occur on fans surfaces [13] .
*Address correspondence to this author at the Ecology Department (Physical environment and Geomorphology), Rabanales Campus, University of Cordoba, 14071 Cordoba, Spain; Tel: +34 957 21 85 97; Fax: +34 957 21 85 97; E-mail: man_largo@hotmail.es Pleistocene soils with decarbonated and rubefacted horizons have been described on fan surfaces [14] [15] [16] , while Early Holocene paleosoils with organic and hydromorphic features have been studied by other authors [9, 17] . This paper analyzes the morphological, sedimentological and pedological features of 11 alluvial fans located in the Guadalquivir Valley, focusing on fan development as a possible response to the overall base-level fall ocurring in the study area by axial incision during the Quaternary.
STUDY AREA
The study fans are located within the Guadalquivir alpine basin, in the central sector of the basin's northern Sierra Morena mountain front (Fig. 1) . These mountains belong to the Hercynian system and are composed of Precambrian and Paleozoic rocks including vulcanite, limestone and slate. Depression materials are predominantly tectonicallyundeformed Tortonian marls [18, 19] .
The Guadalquivir is the main river of the fluvial network of the region. An overall base-level fall controlled regional drainage during the Quaternary. Nine fluvial terrace levels have been described in both flanks of the Guadalquivir Valley [20] . They are organized chronostratigraphically [21, 22] from the Lower Pleistocene (higher terrace levels) to the Upper Pleistocene. The highest (and oldest) deposits are located at 320 meters above sea level (230 m above the current river course) (Fig. 2) .
The alluvial fans are located in a outcrop of marls that is bordered to the North by the Sierra Morena mountain front and to the South by a fluvial terrace of the Guadalquivir River located at 120 m.a.s.l. (+30 m above the current course of the river) (Fig. 3) . The drainage basins of the fans are carved in vulcanite, limestone and slate outcrops of the mountains.
The drainage network of the study area comprises a group of northern tributaries of the Guadalquivir River (Fig. 3) . In the headwater sector, corresponding to the Sierra Morena mountains, the watercourses are parallel, short, steep and straight. In the lower sector, where streams reach the Guadalquivir basin, the alluvial fans are dissected and the drainage pattern becomes dendritic.
The current climate of the study area is typically Mediterranean, with an average rainfall of approximately 550 mm and an average annual temperature of 18 ºC. The annual P-ETP balance shows a clear deficit value of -196 mm. Natural vegetation grows in the mountains while crops predominate in the valley. According to some authors [22, 23] Mediterranean conditions predominated in the region during the Pleistocene, although some climatic variations have been detected by pedological studies [24, 25] .
MATERIALS AND METHODS
A morphologic and morphometric analysis of 11 discrete alluvial fans was performed. Geomorphologic mapping and topographic profiles were made using 1:10.000 maps, aerial photographs and 2-meters contour lines map DTM generated, with the support of field surveys.
The following morphometric parameters were used: Fan area (total planimetric area of each fan), Basin area (total planimetric area of each drainage basin), Length (axial length of each fan), Width (measure at middle of longitudinal axis), Elongation (width/length ratio for each fan) and Gradient (average gradient of each fan).
In order to find correlations between some of these parameters, correlation coefficients were calculated using Spearman's rank method. Due to the small size of the sample (N=11), other more powerful statistical methods could not be used. This has made it impossible to calculate regression analysis.
Two fans were selected for sedimentological and pedological characterization. Three soil profiles corresponding to proximal, midfan and distal positions were studied for each characterization. Soil profiles were identified following FAO [26] guidelines. Soil color was defined in dry conditions, using the Munsell scale [27] ; soil pH was measured potentio- Madinat al-Zahra archaeological site metrically in a 1:1 soil-water suspension, in a Schott CG818 instrument using the Guitián and Carballas method [28] and carbonate content was determined using a Bernard calcimeter, in accordance with the Duchaufour [29] method. In order to evaluate the vertical distribution of organic matter, three samples were taken along each profile. The organic matter content of the samples was determined using the method described by Sims and Haby [30] .
RESULTS

Morphometric Parameters
The study fans are generally small in size, with fan areas ranging from 0.06 to 2.08 km 2 ( Table 1) . Fans 01 and 04 are the largest fans (1.40 and 2.08 km 2 , respectively). The fan apices are located at altitudes of between 160 and 185 m.a.s.l., while the fan toes end between 165 and 120 m.a.s.l.
All the fans have a similar plan-view morphology, with high elongation values ( Table 1) . Elongation values range from 0.22 to 0.77, with an average of 0.44. The fans have values lower than 0.5 (length more than twice the width) with the exception of fans 05, 07, 08 and 11.
The fan gradients (%) are steep, with values between 1.8 and 5.6 and an average of 3.14. Except fans 01 and 02, all the fans have slopes steeper than 2.0. Gradient is positively correlated with Elongation ( Table 2) .
No statistically significant correlations were detected for the Elongation-Fan area, Basin area-Gradient or ElongationBasin area pairs. The basin area shows a positive correlation with Fan area.
Morphological Features
An analysis of the longitudinal profiles shows that shorter fans (fans 02, 03, 05, 08, 09, 11) have straight profiles, while longer fans have concave profiles. These concave profiles are complex and comprising several sedimentation phases. A topographical comparative analysis between profile irregularities has shown no evidence of common phases in the sedimentation of the fans (Fig. 4) . The fluvial terrace levels located in the study area (Fig.  3) are comprised of discontinuous deposits (+80, +70 and +60 meters above the current course of the Guadalquivir River) and one continuous level (+30 m). Depending on the fan size and location, the fluvial terraces might reach one of these levels (except +80 level, which is located in the headfan of fan 04). The three longest fans lie on the lower level (+30 m) (fans 01, 04 and 10). Four fans are not related to any terrace level (fans 02, 03, 05 and 06). Fans 07 and 11 lie on the +60 level and fans 08 and 09 lie on the +70 level (Fig. 4) .
The fans are non-functional, and currently have no active lobes fed by feeder channels. They are dissected by the current fluvial network in their proximal sectors (dissection in fans 07 and 09 occurs in their midfan sector) with a 2-3 meter incision affecting alluvial material and bedrock. The channels leave fan segments to take interfan paths and flow down to the Guadalquivir River. No gullies or other evidence of distal fan trenching were detected.
Sedimentary Facies
The sediments of the study area are mostly coarse and formed by vulcanite clasts coming from their basins, except fans 01 and 02 which have finer sediments and a lower proportion of clasts.
The sediments of the two largest fans (fans 01 and 04) were described in their proximal, middle and distal positions (Fig. 5) . In both fans, debris-flow deposition dominates in proximal zones, while the middle and distal positions are characterized by fluvial processes (Fig. 6).   Fig. (5) . Profiles of Patriarca-I (01) and Valdegrajas (04) fans. Vertical exaggeration is x20. Data correspond to samples located in alluvial deposits. Color is calculated in dry conditions. 
Valdegrajas fan
Patriarca-I fan
The alluvial deposits in the study profiles have depths between 0.85 and 1.25 m, with overlying Tortonian marls by irregular contact. In its distal profile, the Valdegrajas fan is 2.40 m in depth and lies on terrace deposits at 120 m.a.s.l. (+30 m).
The sedimentological features of both fans are related to the lithological differences between the drainage basins. The Valdegrajas fan sediments are coarse and composed of angular cobble-size clasts of vulcanite rocks. These sediments come from outcrops of the fan basin. Nevertheless, in some proximal positions, the sediments incorporate materials from fluvial terraces of +80 m.
The sediments of the Patriarca fan are predominantly fine, with a small amount of rounded quartzite and angular limestone clasts from the limestone and cemented quartzitic conglomerate located in its basin.
Pedological Features
A field description of the macromorphological features of the study profiles (located in the proximal, middle and distal positions of fans 01 and 04) (Figs. 5, 6 ) has detected no evidence of red Mediterranean soils of the Pleistocene [17, 22, 25] . Hence, no rubefiedargillic and carbonated B horizons or secondary carbonates and argilliccutans were identified in the profiles.
Only evidence of incipient and superficial pedogenesis was detected. Organic matter determination showed relatively high contents (>2%), a homogeneous vertical distribution and higher contents in superficial samples ( Table  3) . pH values are high (between 7.8 and 8.1) and generally uniform along each profile with higher levels in upper positions.
Color is also homogeneous in each profile. Differences in color were detected between both fans, with yellowish brown colors predominating in the Valdegrajas fan, and strong brown colors in the Patriarca fan; differences which are probably related to the lithology of each drainage basin. Carbonates are absent in both fans, except in the middle profile of the Valdegrajas fan (4% of fine-grained calcite).
DISCUSSION
Following previous works [6, 12] we have provided morphologic and morphometric evidence of progradation: a) elongated plan-view morphologies (values lower than 0.5); b) straight and concave longitudinal profiles; c) shallow The progradation dynamics of the study fans appear to be caused by base-level fall related to Quaternary fluvial incision of the Guadalquivir River. According to Harvey [6] , this incision should have been slow and therefore noneffective in triggering distal incision. The absence of gullies and other evidence of the erosion of distal sector of fans support this idea.
The topographical analysis of the longitudinal profiles of the fans shows no evidence of common depositional stages (Figs. 3, 4) , thus indicating that fan accommodation was controlled by the depositional capacity of each fan. This suggests that during fan evolution, base-level fall was generally continuous, without long stability phases.
Certain morphological and sedimentological features of the fans such as steep longitudinal gradients (especially in the proximal sectors), and debris-flow facies in fanhead positions might be closely related to the coarse nature of the sediments, which are mostly formed by vulcanite clasts [14] . Thus, fans with sediments finer than vulcanite clasts, (fans 01 and 02) have gentler gradients.
Although winnow processes have been proposed to explain concave longitudinal profiles in fans with clastic sediments in proximal positions [14] , coarse materials in the distal position of the study fans with concave morphologies suggest that they were formed by the redistribution of sediments due to progradational dynamics.
The chronostratigraphical data obtained for the fluvial terraces of the study area suggest that the alluvial fans began to develop in the Middle Pleistocene because their apex altitudes are higher than the Middle/Upper Pleistocene limit (140 m.a.s.l.) (Fig. 2) as detected by Baena and Díaz del Olmo [20] .
All the fans are currently inactive and disconnected to their feeder channels. Pedological evidence points to the ocurrence of an incisional stage during the Early Holocene. Thus, no mature red soils formed during the Pleistocene [17, 22] were detected, and only young soils with superficial processes appear in the study fans.
Furthermore, no evidences of later Early Holocene fan activity was found. In spite of the widespread occupational of the region during the Neolithic and Chalcolithic periods, no archaeological artefacts were found inside the fan sediments.
CONCLUSION
Quaternary fluvial incision of the Guadalquivir River caused a regional base-level fall in the river basin. The different fluvial terrace levels provide evidence of this incisional process.
From the Middle Pleistocene this base-level fall produced a set of alluvial fans in the mountain front located at the northern limit of the Guadalquivir Valley. Fluvial incision was insufficent to trigger distal erosion of the fans and determined fan accommodations by progradation.
Due to the absence of long stability phases during the Guadalquivir incision, common topographical levels are not present in the longitudinal profiles of the fans. The sedimentary capacity of each fan controlled their accommodation to the valley morphology. Thus, only the largest fans reached the lower position of the study area (continuous terraces deposits at 30 meters above the current river course).
The Pleistocene activity of the fans prevented the formation of mature red soils on old surfaces. During the Early Holocene, before the Neolithic/Chalcolithic periods, the fans state became inactive due to incision processes. Feeder channels were captured by interfan streams producing incised channels of 2 to 4 meters in depth. Young and thin soils then developed on the fan surfaces, but were strongly affected by anthropic activities from the Roman period onwards [31] . 
